The electrochromic transition of a nickel borate thin film between colorless and brown was examined by means of in situ XAFS and UV/vis spectroscopy. The XAFS spectra showed that the average valence state of the nickel species in the film changed from +2.1 to +3.8 following the application of an electrode potential. Additionally, a broad peak at 700 nm was observed during in situ UV/vis absorption measurements on the application of a positive potential. These results suggest that the nickel borate film reversibly forms a NiOOH structure with a domain size of several nanometers during the electrochromic reaction.
Introduction
Electrochromic materials, including transition metal oxides, various complexes, polymers and organic compounds, exhibit a reversible change in optical absorption or transmittance following electrochemical oxidation or reduction and have been studied with regard to potential applications as display elements. [1] [2] [3] [4] [5] [6] [7] [8] Among these, amorphous WO 3 is one of the most well-known electrochromic substances. 4, 5, [9] [10] [11] The reversible transition of a WO 3 film between colorless and blue results from the formation of M x WO 3 (M = H, Li, Na; x = 0-1) during reduction. On the other hand, Ni(OH) 2 thin film is also known to exhibit the electrochromic behavior between colorless and brown, where formation of NiOOH from Ni(OH) 2 and its reduction via proton and electron transfer (Ni(OH) 2 § NiOOH + H + + e ¹ ) have been proposed from cyclic voltammetry and infrared absorption spectroscopy. 12, 13 Similar electrochromic transitions have been reported for various inorganic materials, such as MoO 3 (colorless-blue), 10, 11, 14 V 2 O 5 (yellow-blue), 4, 5 and Ir(OH) x (blackcolorless). 15, 16 The nickel borate compounds Ni 3 (BO 3 ) 2 and Ni(BO 2 ) 2 have been investigated as candidates for several applications based on this unique behavior. [17] [18] [19] [20] [21] Recently, Dincă et al. reported that a nickel borate thin film electrodeposited from a dilute Ni 2+ solution in a borate electrolyte (a so-called Ni-B i thin film) functions as an efficient electrocatalyst in an oxygen evolution reaction. 22 The characteristics of these Ni-B i thin films were investigated by Ni Kedge X-ray absorption fine structure (XAFS) and electrochemical kinetics, and it was found that the average valence state of the nickel species changes from +2.0 to +3.6 in response to an applied positive voltage. 23, 24 They concluded that the oxidation of nickel species in the Ni-B i thin film is derived from the generation of bis-oxo/ hydroxo-bridged nickel centers organized into sheets of edge-sharing NiO 6 octahedra within ordered domains 2-3 nm in diameter (the same short-range structure observed for NiOOH) by EXAFS. 23 Thus, the basic characteristics of Ni-B i thin film is very different from that of ordinary NiOOH thin film in view of the high capability of oxygen evolution reaction, the existence of boron and potassium species in Ni-B i film, and the formation of NiOOH domains. [22] [23] [24] Additionally, a Ni-B i thin film deposited on a BiVO 4 photoelectrode was reported to enhance the photoelectrochemical activity of the system for water splitting due to the efficient oxygen evolution capability of the Ni-B i film. 25 In these studies, optical absorption in the visible region of the spectrum was not observed, most likely because the prepared Ni-B i films were 40 nm or less in thickness. Our recent preliminary research, however, has found that a much thicker Ni-B i film with a thickness of several micrometers can function as an electrochromic material in spite of the unique domain structure. Thus, in this study, the optical properties and chemical states of Ni-B i thin films with several micrometers in thickness were investigated by in situ Ni Kedge XAFS and UV/vis absorption spectroscopy.
Experimental
Electrodeposition and electrochemical measurements were carried out using a potentiostat (Hokuto Denko Co., HA-151B) to control the electrode potential. A Ag/AgCl (saturated KCl) reference electrode and a Pt counter electrode were used for all electrochemical experiments. Ni-B i thin films were electrodeposited on indium tin oxide (ITO)-coated glass slides or on a gold-coated polyester (Au/PET) film (6.0 µm thick) by controlled potential electrolysis at 0.9 V vs. Ag/AgCl in a 0.1 M potassium borate electrolyte containing 0.40 mM Ni(NO 3 ) 2 , as described in previous reports. [22] [23] [24] The surface morphology and chemical state of each prepared sample were observed by scanning electron microscopy (SEM; FEI, Inspect S50) and by energy dispersive X-ray spectroscopy (EDX; EDAX, Genesis), respectively. Transmission UV/vis absorption spectroscopy (Jasco, V-650) was used to monitor a Ni-B i /Au/PET sample fixed to a Teflon electrochemical cell by an o-ring to form a working electrode, while applying an electrode potential in a 0.1 M potassium borate electrolyte.
XAFS spectra were obtained at BL-12C in the Photon Factory (PF) and at BL01B1 in the SPring-8 facility, using radiation The intensities of the incident X-rays were monitored by ion chambers filled with N 2 gas placed in front of the sample to obtain I 0 (17 cm in length) and filled with a mixture of N 2 (75%) and Ar (25%) placed after the sample to obtain I 1 (31 cm). The XAFS spectra of nickel foil, NiO, Ni(OH) 2 , Ni(BO 2 ) 2 ·xH 2 O, and K 2 Ni(H 2 IO 6 ) 2 powders were also acquired as references. Fluorescence excitation spectra of the prepared samples were acquired using a 19 element Ge detector (PF:Ortec, SPring-8:Canbera) equipped with a 3 µm Co filter and solar slits to eliminate scatter. The photon energies were calibrated by the first peak maximum of the first derivative of Ni foil (8333.0 eV). The Teflon electrochemical cell was equipped with a Pt wire counter electrode and a Ag/ AgCl reference electrode, while the Ni-B i /Au/PET sample was held in place by an o-ring that also functioned as the working electrode, as shown in Fig. 1 . The X-ray beam was applied at an incident angle of 4°through a PET window behind the Ni-B i sample. XAFS spectra of the prepared samples were measured at various potentials in a 0.1 M potassium borate electrolyte. Analysis of the raw XAFS spectra was conducted using the Athena and Artemis programs. The edge positions for sample and reference spectra were estimated as the halfway point of their absorption.
Results and Discussion
The ITO substrate was treated by controlled potential electrolysis at 0.9 V for 2.5 hours in a 0.1 M potassium borate aqueous electrolyte containing 0.40 mM Ni(NO 3 ) 2 . Following this procedure, the surface morphology of the substrate was observed by SEM (Fig. 2) , which demonstrated that it was covered by a Ni-B i thin film. The film thickness was estimated at approximately 3 µm based on the results of surface roughness measurements between the bare and the Ni-B i thin film covered ITO substrate by the stylus method. The EDX spectrum of the coated substrate, presented in Fig. 3, indicated that the deposited Ni-B i film contained nickel, oxygen, boron and potassium species at atomic ratio of 17:57:15:11, confirming that the prepared sample is Ni-B i thin film as well as the previous work. 22 Digital photographs of the Ni-B i thin film on the ITO substrate were taken in a 0.1 M potassium borate aqueous electrolyte as the applied potential was alternated between 0.0 and 0.9 V, as shown in Fig. 4 . The electrode color was observed to reversibly transition between colorless and brown within a span of several minutes as the potential was switched to 0.0 or 0.9 V, respectively, suggesting that the film was exhibiting electrochromic characteristics. It should be noted that the color of Ni-B i thin film poised at 0.0 V slightly kept the brown color, indicating that a part of chemical state of thin film did not change by the applied voltage. The electrode remained either clear or brown even after it was removed from the electrolyte. On ) the other hand, the electrochromic behavior was not observed in a 0.1 M NaOH aqueous electrolyte, because the Ni-B i thin film dissolved in electrolyte by the applied potential.
To investigate the origin of electrochromic behavior, the Ni Kedge XAFS spectra obtained for the Ni-B i thin film on the Au/PET electrode in a 0.1 M potassium borate aqueous electrolyte, acquired under controlled potentials of 0.0 and 0.9 V, together with those for the nickel foil, NiO, Ni(OH) 2 and Ni(BO 2 ) 2 ·xH 2 O model compounds [ Fig. 5(a) ]. The edge position has been known to shift to higher energy with increase in the formal oxidation state. At a potential of 0.0 V, the edge position for the Ni-B i film (8343.0 eV) is similar to those for the model compounds NiO (8342.9 eV), Ni(OH) 2 (8342.2 eV), Ni(BO 2 ) 2 ·xH 2 O (8342.8 eV) and NiPPI (8346.2 eV). The electronic structure of the nickel species in the film was estimated as Ni 2.1+ by the relation between Ni valence and absorption edge energy estimated as the half-way point of the absorption of the references and the Ni-B i film, as shown in Fig. 5(b) . As the electrode potential was changed from 0.0 to 0.9 V, the edge position shifted to higher energy (8345.8 eV) due to the oxidation from , demonstrating that the nickel species in the film was oxidized as a result of the positive potential. The extended X-ray absorption fine structure (EXAFS) was collected on the Ni-B i film poised at 0.0 and 0.9 V to provide insight into the local structure of the thin film, as shown in Fig. 6(a) . The local structure of Ni-B i thin film poised at 0.0 V is in good agreement with that of Ni(OH) 2 reference. Meanwhile, the structure at 0.9 V was similar with that of C-NiOOH reference, as described in the previous work. 23 Bediako et al. have reported that the average nickel oxidation state in an 8 nm Ni-B i film changed from +2 to +3.6 due to the formation from Ni(OH) 2 species to NiOOH ordered domains 2-3 nm in diameter in the Ni-B i thin film. 23 In our work, the observed Ni valence change (between Ni 2.1+ and Ni 3.8+ ), the EXAFS analyses, and the atomic ratio by EDX (Ni:O:B:K = 17:57:15:11) were almost identical to the those obtained for a thin Ni-B i film in the previous study, 23 suggesting that the oxidized Ni-B i film has a NiOOH structure with a similar domain size [ Fig. 6(b) ]. Therefore, the present in situ XAFS measurements support the NiOOH formation model (Ni(OH) 2 Electrochemistry, 82(5), 355-358 (2014) transitions between colorless and brown. It should be noted that the Ni-B i thin film dissolved in aqueous solution without borate species, suggesting that the borate ions might connect each NiOOH domain with weak interlayer correlations.
To further examine the electrochromic characteristics, in situ UV/vis absorption spectra of the Ni-B i thin film on the Au/PET film in a 0.1 M potassium borate electrolyte were acquired while switching the applied potential between 0.0 and 1.0 V, as shown in Fig. 7 . Although no absorption peaks were observed at 0.0 V, a broad peak appeared in the UV/visible region (<700 nm) as the electrode potential was changed to 1.0 V. This result suggests that the Ni-B i thin film formed NiOOH structure by the applied positive potential, similar with Ni(OH) 2 film. However, the wavelength for the Ni-B i thin film consisting of NiOOH local structure is shorter than that from the NiOOH film in the previous studies (ca. 850 nm). 12, 13 This shift in wavelength is likely due to quantum size effects associated with the small NiOOH domains, as described elsewhere for the similar inorganic materials. 26 On the basis of these results, we suggest that the characteristic electrochromic transition of the Ni-B i thin film between colorless and brown is the result of the reversible formation of nanometer-scale NiOOH structures accompanying a change in oxidation state from Ni 2.1+ to Ni 3.8+ .
Conclusion
Nickel borate thin films electrodeposited on either indium tin oxide coated glass slides or gold coated polypropylene films exhibited electrochromic transitions between colorless and brown. Structural and elemental analysis by scanning electron microscopy and energy dispersive X-ray spectroscopy confirmed that a nickel borate film had been synthesized on the indium tin oxide slide by controlled potential electrolysis at 0.9 V vs. Ag/AgCl in a 0.1 M potassium borate electrolyte containing 0.40 mM Ni(NO 3 ) 2 . In situ Ni K-edge XAFS spectra showed that the nickel species in these films are either oxidized or reduced to Ni 2 , respectively, as domains 2-3 nm in diameter. A broad absorption peak in the UV/visible region was observed to appear as the electrode potential was varied from 0.0 to 1.0 V during observations by in situ UV/vis spectroscopy. The reversible electrochromic behavior of these films is due to the reversible formation of small NiOOH structures concurrent with a change in the oxidation state from Ni 2.1+ to Ni Electrochemistry, 82(5), 355-358 (2014) 
